Reduced WO 3 single crystals have been investigated by conductive and piezoresponse force microscopy. The reduced crystals show a piezoelectric active surface layer with a noncentrosymmetric tetragonal structure which is different from the bulk of the crystal. The domain walls carry a high current while the bulk remains insulating. Twin-related interfaces are atomically thin, the upper bound being less than 10 nm. The reduced surface layer remained in the piezoelectric state even after several weeks, while the current in the twin boundaries was reduced by re-oxidization. This layer shows a significant piezoelectric activity with a piezoelectric coefficient of about 7.9 pm/V.
Tungsten oxide, WO 3 , and its substoichiometric derivatives, WO 3−x , are thermodynamically stable compounds and display a multitude of structural phase transitions 1-5 mainly related to shape changes of the WO 6 octahedra and their rotations within an octahedral network.
1 WO 3 easily releases oxygen and incorporates alkali ions and hydrogen. The facility with which oxygen is released under reducing conditions is less related to the chemical bonding of oxygen but rather to the low energy required to transfer the valence state of localized surplus electrons on the W 6+ sites to W 5+ . [6] [7] [8] These W 5+ states are not localized, however, and form bipolarons in the low temperature phase. 9, 10 While WO 3 is a well known electrochromic, solar cell, 11 and catalytic material, 12 it also displays remarkable superconducting properties. It was shown that thin twin walls in WO 3 could be chemically slightly reduced by inserting Na or removing O from the walls. 13 The chemically modified walls ͑the changes are minor and analytically hard to detect͒ are then superconducting with a critical field H c2 above 15 T and a superconducting transition temperature T c near 3 K. 14 The surrounding matrix 15 remains insulating so that this arrangement of superconducting twin boundaries with the formation of needle domains and domain junctions is potentially the key for engineering arrays of Josephson junctions and high sensitivity magnetic scanners. 16, 17 In addition, it has been suggested that surface layers, presumably similar to the interfacial structures in WO 3 , may display superconductivity at temperatures up to T c =91 K ͑Na doping͒ and 120 K ͑H doping͒. These would constitute extreme values of T c which have not been reproduced independently. A lower value in domain boundaries ͑3 K in Ref. 14͒ has been directly observed by transport measurement and subsequently reproduced.
Here we show for a high conductivity of the twin walls in reduced tungsten oxide single crystals as well as an unexpected piezoelectric activity using nanoscale local current and piezoresponse measurements by atomic force microscopy ͑AFM͒. We will argue in this paper that twin walls remain thin and no sideways diffusion was observed in our conductive atomic force microscopy ͑CAFM͒ experiments.
The starting material was a triclinic sample of WO 3 of 0.3ϫ 0.1ϫ 0.5 mm 3 size 4 of light yellow coloration. The chosen surface showed very few steps. 8 Observations by optical microscope showed typical triclinic twin structures with a high density of intersecting twin walls. The sample was glued to a silicon support using silver paste and heated for 90 min at 750°C in high vacuum ͑1.5ϫ 10 −6 mbar͒. This treatment released oxygen from the sample and reduced the sample surface of at least 50 m to a dark blue color. AFM studies were performed using a commercial AFM ͑XE-100, Park Systems͒. To observe the leakage current of tungsten oxide, CAFM was performed using a Pt coated silicon cantilever with a spring constant of 3.5 N/m and by applying a voltage of +1.0 V to the bottom electrode. Also, the piezoresponse, respectively, vertical and lateral piezoresponse force microscopy ͑PFM͒ images, were routinely obtained with an ac voltage of 1.0 V rms at 6.5 kHz applying to a Pt coated silicon cantilever with a spring constant of 2.8 N/m.
Under the polarization microscope the sample continued to show the triclinic domain structure at the core. The microstructure changed dramatically when observed under reflected light. The domain structure became very sparse with orientation parallel and perpendicular to the long axis of the sample. The optical axis was inclined with respect to the sample surface. No correlation between the twin structure of the underlying triclinic core sample and the surface layer was found so that it appears that the surface layer grew under reducing conditions topographically but not preserving the twin structure of the triclinic phase. A typical twin boundary is shown in Fig. 1 .
The symmetry of the surface layer was found to be higher than that of the core. The orthogonal orientation of the twin boundaries indicates orthorhombic or tetragonal symmetry. A direct experimental evidence for the identity of the surface layer stems from the observation of a strong local piezoelectric activity measured by PFM as shown in Fig. 2 . It should be mentioned that the triclinic phase of the core does not have any transverse ͑vertical͒ piezoelectric activity, thus no piezoelectric effect is to be expected. However, a strong piezoresponse was clearly observed in the vertical ͑out-of-plane͒ PFM mode ͑VPFM͒. activity at nanoscale. One of the advantages of this method is that it gathers information only from a region near to the surface area due to the field distribution in the sample. 18, 19 For the present tungsten oxide sample the piezoelectric activity ͑piezoresponse signal͒ in the VPFM images shown in Figs. 2͑b͒ and 2͑c͒ is due to a genuine surface effect originating thus from the reduced surface layer rather than from the crystal bulk. All but two phases in WO 3 are centrosymmetric, the only piezoelectric phases are the monoclinic phase 3 and the tetragonal phase P42 1 m. 20 The chemical composition of the tetragonal phase was reported to be around WO 2.95 as related to the reducing conditions of the sample preparation. This observation was confirmed by the dark blue color of the surface layer which is typical for high concentrations of polaronic carriers. 9, 10 In contrast, the phase is unstable under reducing conditions and has no coloration ͑the optical gap is outside the visible region͒.
3
Figures 2͑d͒ and 2͑e͒ also show a significant in-plane piezoelectric activity, i.e lateral PFM signal ͑LPFM͒. This was also confirmed by optical investigations showing that the optical axis is not normal to the surface; so that the orientation of the surface layer is expected to be ͑101͒ rather than the usual ͑001͒ for the monoclinic phase.
1 The orientation of the twin boundaries in the tetragonal phase are ͕101͖ and hence mutually orthogonal. This also explains the transverse piezoelectric effect with symmetry-allowed piezoelectric components d 36 and d 14 =d 25 . The inclined orientation of the twin boundaries leads to surface effects for, say, 45°w alls as simulated in Refs. 20 and 21. Asymmetric profiles are expected both for the strain components and for the conductivity of the surface layer. The observed profiles do indeed show classic twinning without steps in the surface ͑Fig. 1͒ and related changes of the piezoelectric signals perpendicular to the crystal surface ͑Fig. 2͒.
CAFM and PFM images of a twin wall in a freshly reduced and aged WO 3 crystal are shown in Fig. 3 . The topological profile consists of a surface kink at the twin boundary, i.e., one of the twins extends by one unit cell above the surface. The twin wall is characterized by a large leakage current while the rest of the sample is insulating. The observation of the wall profile at the topography profile is resolution limited, the typical length scale in Fig. 3͑a͒ being 50 -100 nm. The actual thickness of the twin wall could be estimated from the leakage current at the twin wall in Fig.  3͑b͒ . As rough estimate for the upper limit of the wall thickness, we take the steep increase of the leakage current across the boundary. This value of the wall thickness would be less than 10 nm which is similar to the 2 nm as observed by diffuse x-ray scattering.
2 The insulating region shows high uniform piezoelectric ͑amplitude͒ signal ͓Fig. 3͑c͔͒ which appears to be strongly correlated with the profile of the leakage current, i.e., diminishes within the wall. The difference in the conduction properties of the twin walls and the rest of the surface was estimated locally measuring the currentvoltage ͑I-V͒ characteristics at the twin boundary and the free surface ͑Fig. 4͒. After several weeks under ambient conditions, the aged sample shows a decrease of leakage current at the domain wall which correlates to an increase in the amplitude at the twin wall due to the reoxidation of the twin wall. This means that other ions, such as Na or K, are more effective in stabilizing the ͑super͒ conducting properties of the twin walls than oxygen vacancies. 3 . ͑Color online͒ ͑a͒ Topography, ͑b͒ current, and ͑c͒ PFM amplitude images of a freshly reduced WO 3−x single crystal. ͑d͒ Current and ͑e͒ PFM amplitude images of the same area of the WO 3−x single crystal as in ͑a͒ measured after several weeks. ͑f͒ Topography, current, and amplitude ͑pi-ezoresponse͒ profiles acquired along the black line in ͑a͒, ͑b͒, and ͑c͒, respectively. ͑g͒ Current and amplitude ͑piezoresponse͒ profiles before and after an elapsed time of several weeks. The dotted box of ͑a͒ and ͑d͒ presents the steps to identify the location. Note that the area in ͑d͒ is scanned under different angle.
In order to quantify the effective piezoelectric coefficient of the surface layer of ͑presumably͒ tetragonal ͑P42 1 m͒ phase of WO 3 , the piezoresponse was measured as a function of the applied ac voltage. For a comparison with known materials, a Pb͑Zr 0.2 Ti 0.8 ͒O 3 ͑PZT͒ epitaxial film and an x-cut quartz single crystal were measured along with the tungsten oxide ͓Fig. 4͑b͔͒. The obtained data were approximated by a linear fit, the effective piezoelectric coefficients being calculated from the slope of the fits. The effective piezoelectric coefficient of tungsten oxide is ͑7.9Ϯ 0.4͒ pm/ V, compared to about 56.4 and 2.9 pm/V of the PZT film and quartz, respectively. The piezoelectric coefficient of tungsten oxide is more than twice larger than that of quartz. This signal of the tungsten oxide confirmed the transverse piezoresponse signal of the present sample again and was independent of time and unrelated to the oxygen diffusion. The signal should hence be intrinsic to the noncentrosymmetric P42 1 m structure.
In summary, we have shown that the reduced WO 3 single crystals show a surface layer with a noncentrosymmetric tetragonal structure which is different from the bulk of the crystal. Twin-related interfaces in reduced, tetragonal tungsten oxide are atomically thin. Most probably they contain oxygen vacancies which enhance significantly the conduction at the twin walls, but do not affect the piezoelectric properties which remain relatively stable once the sample is reoxidized. These interfaces are the structural elements to carry significant current, however it appears that reduction by oxygen vacancies is not as suitable for applications as that by alkali atoms which are stable under ambient conditions and are hence preferable as reducing agent. The tetragonal surface layer shows a significant piezoelectric activity with a piezoelectric coefficient of about 7.9 pm/V. FIG. 4 . ͑Color online͒ ͑a͒ I-V characteristics acquired on the twin wall shown in Fig. 3 and on the free surface of a freshly reduced WO 3−x crystal; ͑b͒ piezoresponse amplitude as a function of the ac voltage applied to the conductive probe of a PZT epitaxial thin film, an x-cut quartz, and the reduced surface layer of a WO 3−x single crystal. The solid lines are linear fits to the experimental data.
